Bis{1-ethyl-2-[6-(N,N-diethylcarbamoyl)-4-halogenopyridin-2-yl]benzimidazol-5-yl}methane (halogeno = chloro, L E ; bromo, L F ) have been synthesized as ditopic receptors for the development of lanthanide-containing helicates able to couple with biological material and to test the influence of the halogeno substituent on the wrapping process, the structure of the resulting dimetallic edifices, and the photophysical properties of the encapsulated ions. 
Bis{1-ethyl-2-[6-(N,N-diethylcarbamoyl)-4-halogenopyridin-2-yl]benzimidazol-5-yl}methane (halogeno = chloro, L E ; bromo, L F ) have been synthesized as ditopic receptors for the development of lanthanide-containing helicates able to couple with biological material and to test the influence of the halogeno substituent on the wrapping process, the structure of the resulting dimetallic edifices, and the photophysical properties of the encapsulated ions. 
Introduction
Lanthanide co-ordination compounds 1 are the subject of intense research efforts due to their applications as contrast agents for NMR imaging, 2 as catalysts in RNA hydrolysis, 3 or as active agents in cancer radiotherapy. 4 Moreover, lanthanidecontaining luminescent stains 5 are valuable for the development of fluoroimmunoassays 6 and of complexes which signal changes in pH, pO 2 or chloride concentration. 7 A unique combination of features must be realised to design a lanthanide luminescent sensor: (i) presence of multiple absorbing groups suitable for energy transfer (antenna effect 8 ), (ii) high thermodynamic and kinetic inertness, and (iii) protection of the metal ion from various quenching or back-transfer processes.
9 Several classes of receptors have been designed to meet these requirements, e.g. preorganised 10 and predisposed 11 macrocyclic ligands or multidentate podands. 12 However, self-assembly processes 13 appear to be best suited to achieve the required ultra fine tuning of the lanthanide() co-ordination sphere.
14 In recent years we have developed a research program taking advantage of the induced-fit concept 15 and using ligands derived from bis(benzimidazolyl)pyridine in order to prepare lanthanide-containing mono-and di-metallic supramolecular precursors for functional devices.
14 Dimetallic edifices in which lanthanide ions lie at a fixed distance are interesting because they combine two probes in one molecule and are useful for imaging purposes, or they may be used as precursors for doped functional materials requiring the presence of metal ions at a specific distance. 3 ] edifices in water.
Probes for bioanalytical studies require assemblies that are stable under physiological conditions and which can easily couple with biological material. A logical place to introduce a coupling group is the pyridine 4 position of ligands L B,C . In this paper we propose an easy strategy to introduce a halogenide substituent in this position, which opens the way for the preparation of more elaborate ligands by substitution of the halogen atom by, for instance, alkyne derivatives. 22 Lamture et al. have noted that a 4-Cl substituent increases the energy transfer efficiency in terbium() dipicolinates (pyridine-2,6-dicarboxylates) 23 and therefore we devote special attention to the effect of the substitution on the photophysical properties and on the thermodynamics of the complexes. Moreover, we take advantage of the crystal-field independent method applied by Platas et al. 24 to monometallic cryptates and recently adapted to dimetallic f-f complexes 25 for the analysis of lanthanide induced paramagnetic NMR shifts.
Results and discussion

Synthesis of ligand L E
Bis(1-ethyl-2-[4-chloro-6-(N,N-diethylcarbamoyl)pyridin-2-yl]-benzimidazol-5-yl)methane (L E ) was obtained in good yield according to the previously described two-step procedure 
6ϩ helicates become less stable with increasing electronegativity of the substituent introduced in the pyridine 4 position.
The absolute value of the stability constants may be estimated by using log K(Eu [2, 2] log β 23 (Eu) (2) Although these data can only be taken as an estimate (evaluated error: ±1.5 to 2), the experimental conditions employed not being entirely the same, the results obtained for L B are in very good agreement with those determined previously by a direct spectrophotometric method (log β 22 (Eu) = 19.9 and log β 23 (Eu) = 24.1).
20
Solution structure of [Ln
The 1 H NMR spectra of the lanthanum and lutetium diamagnetic complexes (Table 1) show an A 2 spin system for the bridging b-CH 2 group, which is typical for C 2 -related enantiotopic protons, while the AB spin system observed for methylene protons H 10Ј arises from two symmetrically non-equivalent diastereotopic protons, leading to the conclusion that the helicates adopt a time-averaged D 3 symmetry on the NMR timescale.
16, 20 The complete assignment of the spectra was made on the basis of homodinuclear { 1 H-1 H}-COSY and {
1
H-1 H}-ROESY (rotating frame Overhauser enhancement spectroscopy) experiments. Analysis of the spectra reveals that the ionic radius contraction does not modify substantially the overall structure of the helicates. However, the signal of the H
4Ј
protons is shifted by ϩ0.48 ppm in going from La to Lu, pointing to some distortion in the co-ordination sphere of the heavier metal ion. 20 This proton experiences a large shift upon complexation (∆δ = ϩ1.74 and ϩ2.22 ppm for La and Lu, respectively) because the peculiar conformation of the helicates brings it in the shielding zone of the benzimidazole units.
19,20
The pyridine protons also undergo substantial shifts as a result of (i) the co-ordination of the pyridine N atom to the metal ions and (ii) the conformational change from a transoid to a cisoid arrangement of the two arms of the ligand. The latter conformation is confirmed by the NOE effect detected for the lanthanum helicate between H 10Ј and H
3
. The spectra of the moderately paramagnetic helicates (Ln = Pr, Nd, Sm, Eu or Yb) also display an A 2 spin system for the b-CH 2 protons and an AB system for the H 10Ј protons, corresponding to a timeaveraged D 3 symmetry in solution (Fig. 1) . For the samarium helicate, which displays very small isotropic shifts and sharp signals, assignments could be made referring to the spectrum of the diamagnetic lanthanum helicate while the spectra of the complexes of Nd and Eu were assigned with the help of { 
the crystal field parameter, C j n the anisotropic part of the axial magnetic susceptibility tensor, r i n and θ i n are the internal axial coordinates of nucleus i with respect to the threefold axis of site n and G i n is the pseudocontact term originating from ion n at a given temperature. On the other hand, the contact contributions δ ij c only affect nuclei relatively close to the paramagnetic centre and it can be assumed that in the helicates [Ln 2 (L E ) 3 ] 6ϩ they result from the interaction with a single metal ion. Under these conditions, and assuming that the paramagnetic centres do not interact in view of their large separation, the linearised equations (5)- (7) hold 21b where 〈S z 〉 j is the spin expectation 
and
value and F i the contact term at fixed temperature. Assuming further that 〈S z 〉 j and C j values are the same for the complexes and the free ions, 31 for which they are tabulated, 32,33 plots of δ ij para /〈S z 〉 against C j / 〈S z 〉 and of δ ij para /C j against 〈S z 〉/C j should be linear with a slope equal to G i global = G i 1 ϩ G i 2 and F i , respectively, if the complexes are isostructural and possess comparable crystal field parameters. The pseudocontact and contact contributions to the observed LIS separated by using eqns. (5) and (6) are reported in Table 2 along with the agreement factors AF i and AF j (see also Table S2 , supporting information). The diastereotopic methylene protons of the ethyl substituents have been excluded from the analysis because a reliable assignment is not possible for an AB spin system. 21b We have also not used samarium data in our calculations because the shifts induced by this ion are small and extremely temperature dependent. The resulting plots fall into two groups (Ln = Pr to Dy and Ln = Ho to Yb) with a break near the middle of the series as illustrated in Fig. 2 for H 10 . In principle, such a situation points to the
helicates being not isostructural. However, deviations from linearity sometimes occur because of variation in the crystal field parameter 34 or in both this parameter and the hyperfine coupling constant F i . 24 The agreement factors calculated for both series, 0.012 < AF i < 0.22 (Pr to Dy) and 0.01 < AF i < 0.36 (Ho to Yb), are comparable to those found for the 3d
21b The contact contributions are relatively small for most of the protons in the first half of the series (Ln = Pr to Tb), pointing to a reduced spin density delocalisation on the pyridine rings, as a consequence of the electronegative substituent.
Recently, Platas et al. 24 proposed a crystal-field independent method, which allows one to rationalise the origin of the breaks 
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found in the plots according to eqns. (5) and (6), by simultaneously solving eqn. (3) for two different nuclei i and k. Its extension to dimetallic helicates leads to eqn. (8) . 25 The corre- (8) sponding plots for the studied helicates present three different behaviours depending on the protons. responsible for the break observed between Dy and Ho ( Fig. 2) , rather than structural variation, and that these protons have similar hyperfine coupling constants with all the studied lanthanide ions, consistent with a single structure along the series.
(ii) On the other hand, plots for the pairs involving the H 8 and H 7Ј protons do not show obvious correlation, which can be explained by the low G global values ( and H 5 clearly show two approximately parallel straight lines, one for the larger (Pr to Dy) and one for the smaller (Ho to Yb) ions which implies a significant change in the hyperfine coupling constants for these protons in the two series. This intricate behaviour can be explained if one compares the contact contributions obtained by Reilley's method (Table 2) , which display important variations between the first and second half of the lanthanide series. However, the contact contribution and/or the contact to dipolar quotient (F i /G i global ) are relatively small for most of the protons, except for H 3 and H 5 . Thus, the plots according to eqn. (8) for the latter protons are very sensitive to changes in the hyperfine coupling constant.
Turning our attention to the R ik values ( Table 3 ) we note that for pairs generating a single straight line the values obtained according to both Reilley's and the crystal-field independent methods are in excellent agreement. For the pairs generating two lines, the R ik values for the first and second half of the series are in qualitative good agreement, pointing to a minor structural change in the pyridine units between the helicates of Dy and Ho. Furthermore, a plot of G i global (Ho to Yb) vs. G i global (Pr to Dy) for all protons generates a straight line going through the origin with a slope of 0.62(2) (R 2 = 0.997), indicating that the G i global values for the first and second part of the lanthanide series differ only by a proportionality constant assigned to a change in the crystal field parameter between Dy and Ho. We conclude that the solution structure of the helicates is essentially maintained along the series and that the breaks found between Dy and Ho in the plots according to eqns. (5) and (6) are due to changes in the crystal field parameter and in the hyperfine coupling constant as similarly discussed for
25
Substitution of Bleaney's coefficients C j by a direct determination of the magnetic susceptibility tensor 35 considerably improves the separation of the contact and dipolar contributions to the LIS. To calculate the latter, the axial coordinates r i n and θ i n (n = 1 or 2) of the protons b-CH 
without including the contact contributions. As expected, these fits were rather poor (cf. the large agreement factors, 
Further structural information can be obtained by measuring the NMR longitudinal relaxation times T 1 . The effects of the paramagnetic centre on T 1 are accounted for by the SolomonBloembergen-Morgan theory, 37 which reduces to dipolar and Curie-spin contributions, depending on r i
Ϫ6
, for lanthanide complexes. 29 The use of a nucleus sufficiently remote from the paramagnetic centre as an internal reference gives eqn. (10) in
which k i tot and k i dia are the longitudinal relaxation rates measured for the nucleus i in the paramagnetic complex and its diamagnetic analogue, respectively. For dimetallic helicates the T 1 of each nucleus is the sum of two dipolar paramagnetic contributions, 21b eqn. (11) . The relaxation times of the paramagnetic
6ϩ complexes (Ln = Pr or Yb), corrected for diamagnetic contribution using the values for the helicates of La and Lu, are reported in Table 5 (uncorrected values; Table S4 , supporting information). Taking the r i n distances from the crys- (Table 2 ) and H 8 as an internal reference, we have estimated the expected quotients (k
The differences between the two approaches (eqns. (10) and (11) 
Photophysical properties
Ligand-centred transitions. The emission spectrum of L E in acetonitrile solution (295 K) under excitation at 31 546 cm Ϫ1 presents a single band (Table 6 ) whose intensity quickly diminishes when a short time delay (0.1 ms) is enforced and therefore has been attributed to the 1 ππ* state. This band is shifted by ca. 1550 cm Ϫ1 to higher energy with respect to that of L B . The absolute fluorescence quantum yield is large and amounts to Q L = 92%. The emission spectrum recorded in frozen solution (77 K) presents a second more structured band with a maximum at 18 957 cm Ϫ1 and with a number of low-and highenergy shoulders (Fig. 4) , which is consistent with the presence of a single europium() co-ordination environment. Using the phenomenological relationship of Frey and Horrocks 38 correlating the energy of the 0-0 transition and parameters describing the ability δ of co-ordinating atoms to produce a nephelauxetic effect, v Ϫ v 0 = C CN Σ i n i δ i , and δ CO = Ϫ15.7, we find δ C᎐ ᎐ N (L E ) = Ϫ16.8 cm Ϫ1 , a value somewhat larger than the averaged one deduced from our previous studies of complexes with heterocyclic imines, δ C᎐ ᎐ N = Ϫ15.3.
26 The δ parameters are however very sensitive to bonding distances, 39 as shown for [Eu 2 (L B ) 3 ] 6ϩ in the solid state for which three different metal ion sites were evidenced whose 0-0 transitions correspond to δ C᎐ ᎐ N parameters ranging from Ϫ13.7 to Ϫ18 cm Ϫ1 . 20 The large δ value obtained for the L E helicate is nevertheless consistent with the large F i values calculated for the H 3 and H 5 protons (see above) and pointing to an important spin delocalisation onto the pyridine ring.
The emission spectrum (cf. 
. From these data one expects similar antenna effects in both helicates, which is observed: the absolute quantum yield of the metalcentred luminescence in acetonitrile amounts to 3.5 × 10 Ϫ3 for L B 20 and 4.4 × 10 Ϫ3 for L E . We note that these data parallel the results obtained for terbium() complexes with dipicolinates where the 4-Cl substituted compound proved to have better energy transfer efficiency than the unsubstituted complex. (Fig. 4) . Since the europium helicate is fairly luminescent, we have investigated its high resolution emission spectra to gain information on the inner co-ordination sphere around the Eu
III
. Furthermore, two samples were studied in order to unravel the influence of the hydration of the complex, one of them being anhydrous (Eu-H0) and the other one containing ten hydration water molecules (Eu-H10).
The emission spectrum of Eu-H0 recorded at 295 K under excitation through the ligand ) with a maximum at 17 218 and 17 223 cm Ϫ1 at 10 and 295 K, respectively, and a shoulder on the high energy side. Upon analysing at different emission wavelengths corresponding to transitions to 7 F 1 and 7 F 2 , two additional components could be unravelled, at 17 228 and 17 209 cm
Ϫ1
. However, the emission spectra recorded under excitation at the maximum of the emission band and in both shoulders are nearly identical (Fig. F1, Supporting Information) , pointing to very similar metal-ion environments and suggesting that the additional shoulders appearing on the excitation spectra may be caused by vibronic transitions.
1,41 It could also be possible that the two metal ion sites are not completely identical within the same molecule or, even, as observed for [Ln 2 (L C Ϫ 2H) 3 ], that two different types of molecules, with differing Ln ؒ ؒ ؒ Ln distances, are present in the solid state. However, the crystal structures we have determined on several helicates have always shown that the two metal ion sites are fairly identical, differing , as has been previously observed for a macrocyclic complex. 42 A correlation between the vibrational and emission spectra in the energy range of the transition to 7 F 1 clearly shows interference with vibrational levels (Fig. 6) . Therefore the large splitting observed for the A 1 → E transition to the 7 F 1 sublevel could arise from such an interaction.
43
Indeed, with respect to the energy of the 5 D 0 level, the IR and Raman peaks at ca. 412 cm Ϫ1 fall in between the two 7 F 1 sublevels with energy of 383 and 442 cm Ϫ1 which could therefore be the result of an interaction between a vibrational and an electronic state having very similar energy. Furthermore, at least six maxima can be identified in the 5 D 0 → 7 F 2 transition, but again there is an extensive interaction with the phonon density of states (Fig. 6) , so that we interpret some closely spaced 7 F 2 sublevels (Table 7) as resulting from interaction with vibrational levels, e.g. the levels at 999 and 1005 cm Ϫ1 (Raman band at 1005 cm Ϫ1 ) or at 1078 and 1103 cm Ϫ1 (broad IR band at 1100 cm Ϫ1 , Raman peak at 1075 and 1120 cm Ϫ1 ). Therefore, the emission spectrum of sample Eu-H0 can be interpreted as arising from two very similar europium() ions in a severely distorted pseudo-D 3 site symmetry, a conclusion reinforced by the fact that the Eu( 5 D 0 ) lifetime remains the same when the excitation energy is scanned through the 5 D 0 ← 7 F 0 profile: 2.19 ± 0.07 ms ( Table 8 ). The lifetime is long, as expected for an europium() environment free of OH oscillator but it is temperature dependent which points to vibrations interacting with the electronic levels of the metal ion and facilitating non-radiative de-excitation, in agreement with the above interpretation.
The 5 D 0 ← 7 F 0 transition for the hydrated Eu-H10 sample presents a maximum at 17 221 cm Ϫ1 (10 K, fwhh between 13 and 17 cm Ϫ1 depending on the analysis wavelength) and two shoulders at 17 212 (site Ia) and 17 227 (site Ib) cm Ϫ1 . Excitation onto these two shoulders generates two slightly different emission spectra (see Table 7 ), while excitation at the maximum yields a spectrum which is a combination of the two other ones (Fig. F1, supporting information) . The lifetime of site Ib (1.86 ms) is shorter than that of site Ia (2.16 ms, identical to the lifetime of the anhydrous sample). Both lifetimes are long, pointing to the absence of inner-sphere water molecules. Taking into account ∆k = 0.15 ms Ϫ1 proposed by Beeby et al. 44 for the quenching effect of a closely diffusing unbound water molecule, we calculate that the lifetime difference corresponds to the presence of 0.5 H 2 O in the outer co-ordination sphere of Eu(Ib). Upon increasing the temperature the lifetime of this site decreases much more drastically than the lifetime of site Ia, confirming larger vibronic interaction. Therefore, hydration of the helicate does not result in co-ordination of water in the inner sphere of the metal ion, but it generates non-covalent interactions with the ligand strands resulting in two slightly different metal ion sites. We cannot determine whether we are in the presence of two different types of molecules or of one type of unsymmetrical molecule. In the crystal structure of [Ln 2 (L C Ϫ 2H) 3 ]ؒ21.5H 2 O, not only two different types of molecules were observed, but within a dimetallic edifice, outer-sphere interaction with water molecules was found to be different for each metal ion site.
21
The excitation spectrum of the terbium helicate at 77 K produces a broad band with a maximum at 25 814 cm Ϫ1 , corresponding to the excitation through the 1 ππ* ligand state. The corresponding emission spectrum displays ).
20
The
] 6 is monoexponential with respect to temperature and an Arrhenius type plot yields an activation energy of 1410 ± 20 cm
Ϫ1
, confirming the back-transfer mechanism.
Conclusion
The introduction of a chloride substituent in the 4 position of the pyridine rings of ligand L B is straightforward and the resulting compound L E is obtained in five steps with good overall yield, 32%, as calculated from the starting 4-hydroxypyridine-2,6-dicarboxylic acid. On the other hand, the bromide substituted ligand L F , which is a more interesting synthon for further substitution at the 4 position of the pyridine, is more difficult to synthesize as indicated by an overall yield of 4-5% only. When treated with stoichiometric amounts of lanthanide perchlorates in acetonitrile, both ligands yield triple-stranded dimetallic
6ϩ the stability of which is large (log β 23 in the range [22] [23] [24] because the destabilising effect of the halogenide remains small. The structure of these edifices is very similar to the one determined for helicates with ligand L B , pointing to the substitution not influencing the overall wrapping of the ligand strands around the two lanthanide ions. The electro-attracting chloride substituent in L E results in a somewhat improved luminescence of the europium() ion over the helicate with the unsubstituted ligand, which demonstrates that tuning the efficiency of the ligand-to-metal energy transfer process may be achieved by varying the substituent at this position of the ligand. Moreover, the developed synthetic technology will enable us to graft coupling groups on this 4 position in order to produce bimetallic lanthanide-containing triple helicates able to combine with biological material 45 and therefore it opens the way to a whole series of new ditopic ligands for the design of luminescent (and magnetic) probes.
Experimental Solvents and starting materials
Acetonitrile, dichloromethane, N,N-dimethylformamide (DMF), and triethylamine were distilled from CaH 2 , thionyl chloride from elemental sulfur. Silica gel (Merck 60, 0.04-0.06 mm) was used for preparative column chromatography. Other products were purchased from Fluka AG (Buchs, Switzerland) and used without further purification, unless otherwise stated.
Spectroscopic and analytical measurements
Electronic spectra in the UV-vis range were recorded at 20 ЊC with a Perkin-Elmer Lambda 7 spectrometer using 1.0 and 0.1 cm quartz cells, reflectance spectra as finely ground powders dispersed in MgO (5%) with MgO as the reference on a PerkinElmer Lambda 900 spectrometer equipped with a Labsphere PELA-1000 integration sphere, IR spectra from KBr pellets with a Mattson α-Centauri FT-IR spectrometer and ES-MS spectra of the complexes on a Finnigan SSQ 710C spectrometer on 10 Ϫ4 M solutions in acetonitrile (capillary temperature set to 200 ЊC and acceleration potential to 4.5 kV).
1 H and 13 C NMR spectra were recorded at 25 ЊC on Bruker AM-360 or AVANCE 400-DRX spectrometers. Chemical shifts are reported in parts per million with respect to TMS. Longitudinal 1 H relaxation times T 1 were measured by the inversion-recovery pulse sequence. The experimental procedures for high resolution, laser excited luminescence studies have been published previously.
20, 46 Emission spectra were corrected for the instrumental functions, but high resolution excitation spectra were not. Quantum yields of the ligand centred emission were measured relative to quinine sulfate in diluted acidic solution (absolute quantum yield: 0.546). 47 Quantum yields of the metal-centred emission were determined as previously described 9c at excitation wavelengths where (i) the Lambert-Beer law is obeyed and (ii) the absorption of the reference [Eu(terpy) 3 ] 3ϩ (absolute quantum yield 0.013) 24 closely matches that of the sample. Ligand excitation and emission spectra were recorded on a Perkin-Elmer LS-50B spectrometer equipped for low temperature (77 K) measurements. Elemental analyses were performed by Dr H. Eder (Microchemical Laboratory, University of Geneva).
Preparation of the ligands (Scheme 1)
4,4Ј-Bis(N-ethylamino)-3,3Ј-dinitrodiphenylmethane, 48 diethyl 4-bromopyridine-2,6-dicarboxylate 49 and L B 20 were prepared as previously described.
4-Chloropyridine-2,6-dicarboxylic acid 1a. The product was prepared by the method of Robison.
50 Phenylphosphonic dichloride (50.41 g, 259 mmol) was added to 4-hydroxypyridine-2,6-dicarboxylic acid (13 g, 65 mmol), and the reaction mixture heated at 120 ЊC for 2 h under an inert atmosphere. After cooling, 200 mL of anhydrous methanol were added. The mixture was stirred vigorously for 1 h, concentrated to dryness and the residue dissolved in chloroform (200 mL). The solution was washed twice with water and twice with a half-saturated NaHCO 3 aqueous solution. The organic phase was dried over Na 2 SO 4 , filtered and evaporated to dryness. The residue was re-crystallised from methanol to obtain 12.78 g of dimethyl 4-chloropyridine-2,6-dicarboxylate (86% yield).
1 H NMR in CDCl 3 : δ 4.00 (6 H, s) and 8.27 (2 H, s 4-Chloro-6-methoxycarbonylpyridine-2-carboxylic acid 2a. To a solution of 4.0 g of compound 1a (19.8 mmol) in waterMeOH (1 : 1) (70 mL), 2.5 mL of concentrated H 2 SO 4 were added, and the resulting solution was refluxed for 30 min and then stirred for 12 h at room temperature. A saturated potassium bicarbonate aqueous solution (250 mL) was added and the mixture extracted with chloroform to remove all the diester (R f = 0.81; CH 2 Cl 2 -MeOH 95 : 5). The aqueous phase was acidified to pH 2 with aq. HCl (25%) and extracted again with chloroform (4 × 150 mL). The combined organic phases were dried over Na 2 SO 4 and evaporated to give 2.6 g of 2a as a white solid (61% yield). 4-Bromo-6-methoxycarbonylpyridine-2-carboxylic acid 2b. 9.46 g (38 mmol) of compound 1b were dissolved in 200 mL of a 1 : 1 water-MeOH mixture and 3 mL of concentrated H 2 SO 4 were added. The resulting solution was refluxed until complete dissolution of the carboxylic acid, stirred overnight at room temperature and then poured into 250 mL of a saturated NaHCO 3 solution. The mixture was then extracted with CHCl 3 to remove all the diester (R f = 0.81, CH 2 Cl 2 -MeOH 95 : 5). The aqueous phase was acidified slowly to pH 2 with aq. HCl (37%) and extracted again with chloroform (5 × 100 mL). The combined organic phase was dried over Na 2 SO 4 and evaporated to give 3.66 g of 2b as a white solid (37% yield). -6-(N,N-diethylcarbamoyl) pyridine-2-carboxylic acid 3a. A 1.6 g (7.4 mmol) amount of compound 2a, freshly distilled thionyl chloride (35.35 g, 297 mmol), and DMF (100 µL) were refluxed for 1 h in dry dichloromethane (30 mL) under an inert atmosphere. The yellow solid obtained after evaporation was pumped for 1 h (10 Ϫ2 Torr) and dissolved in 30 mL of dry dichloromethane. 5.43 g (74.2 mmol) of diethylamine were added dropwise under an inert atmosphere. The solution was refluxed for 90 min and, after cooling, 150 mL of a half saturated NH 4 Cl solution were added. The organic phase was separated and the aqueous phase extracted again with dichloromethane (2 × 100 mL). The combined organic phases were washed twice with 100 mL of a saturated KHCO 3 aqueous solution, dried over Na 2 SO 4 and evaporated. The residue was dissolved in 100 mL of a 1 M KOH aqueous solution and the mixture refluxed for 30 min. The aqueous solution was extracted with dichloromethane (2 × 100 mL), acidified to pH 2 with aq. HCl (25%), and cooled at 0 ЊC for 12 h. The white crystals were collected by filtration to give 1.6 g of 3a (6.2 mmol, yield 84%). 4-Bromo-6-(N,N-diethylcarbamoyl)pyridine-2-carboxylic acid 3b. A 2.59 g (9.97 mmol) amount of compound 2b was dissolved in 60 mL of dry toluene under an inert atmosphere (N 2 ) and 6.45 g (30 mmol) of (COBr) 2 and 100 µL of DMF were added slowly. The resulting solution was vigorously stirred for 1 h and then heated to 70 ЊC for 2 h. The brown solid obtained after evaporation was pumped for 1 h (10 Ϫ2 Torr) and dissolved in 30 mL of dry dichloromethane. 7.03 g (99.7 mmol) of diethylamine were added dropwise under an inert atmosphere. The solution was refluxed under nitrogen for 90 min and, after cooling, 100 mL of CH 2 Cl 2 were added. The solution was washed with water (2 × 100 mL). The combined organic phases were dried over anhydrous Na 2 SO 4 . The resulting product was dried under vacuum (10 Ϫ2 Torr) at 50 ЊC to get 2.5 g (7.9 mmol) of methyl 4-bromo-6-(N,N-diethylcarbamoyl)pyridine-2-carboxylate (yield 79%).
4-Chloro
1 H NMR in CDCl 3 : δ 1.25 (6 H, t, 3 J = 7.02), 3.38 (2 H, q,
Compound 4a. A 1.14 g (4.7 mmol) amount of compound 3a, thionyl chloride (16.78 g, 141 mmol), and DMF (100 µL) were refluxed for 90 min in dry dichloromethane (50 mL) under an inert atmosphere. The solution was concentrated to dryness and the residue dried under vacuum for 30 min. This was dissolved in 30 mL of dry dichloromethane and a 30 mL solution of 4,4Ј-bis(N-ethylamino)-3,3Ј-dinitrodiphenylmethane (0.80 g, 2.4 mmol) and triethylamine (47 mmol) was added dropwise. The resulting solution was stirred at room temperature for 2 h and refluxed during 4 h under an inert atmosphere. Upon evaporation a brown residue was obtained. This was partitioned between dichloromethane (3 × 100 mL) and half-saturated NH 4 Cl (100 mL) solution. The combined organic phases were dried over Na 2 SO 4 and evaporated, and the resulting crude residue was purified by column chromatography (silica gel; CH 2 Cl 2 to CH 2 Cl 2 -MeOH 99 : 1), to yield 1.50 g of 4a (78% yield). Compound 4b. A 1.60 g (5.32 mmol) amount of compound 3b and 40 mL of dry toluene were mixed under an inert atmosphere (N 2 ) and 3.48 g (16 mmol) of (COBr) 2 and 100 µL of DMF were slowly added. The resulting solution was vigorously stirred for 1 h and then heated to 70 ЊC for 2 h. The solid obtained after evaporation was pumped for 30 min (10 Ϫ2 Torr) and dissolved in 30 mL of dry dichloromethane. A solution of 4,4Ј-bis(N-ethylamino)-3,3Ј-dinitrodiphenylmethane (0.80 g, 2.4 mmol) and triethylamine (47 mmol) in the same solvent (40 mL) was added dropwise. The resulting solution was stirred at room temperature for 2 h, refluxed during 4 h under an inert atmosphere and evaporated. The brown residue was partitioned between dichloromethane (3 × 100 mL) and a half-saturated NH 4 Cl (100 mL) solution. The combined organic phases were dried over Na 2 SO 4 and evaporated, and the resulting crude residue was purified by column chromatography (silica gel; CH 2 Cl 2 to CH 2 Cl 2 -MeOH 98.5 : 1.5, R f = 0.40 in CH 2 Cl 2 -MeOH 97 : 3), to yield 0.60 g (0.66 mmol) of 4b (yield 24.8%). 
Bis{1-ethyl-2-[4-chloro-6-(N,N-diethylcarbamoyl)pyridin-2-yl]benzimidazol-5-yl}methane (L E ).
Freshly activated iron powder (2.85 g, 51 mmol) and HCl (25%, 16.53 g, 118.5 mmol) were added to a solution of compound 4a (1.30 g, 1.58 mmol) in EtOH-water (220 : 56 mL). The mixture was refluxed overnight under an inert atmosphere. The golden coloured solution was cooled, filtered and evaporated to remove the ethanol. Na 2 H 2 EDTAؒ2H 2 O (31.76 g, 85.32 mmol) in 100 mL of water and 100 mL of CH 2 Cl 2 were added to the mixture and the pH of the aqueous phase was adjusted to 7 using aq. NaOH (25%). H 2 O 2 (30%, 1 mL) was added to the aqueous phase and the pH adjusted to 8.5. The two phases underwent vigorous stirring before separation and the aqueous phase was extracted with CH 2 Cl 2 (5 × 100 mL). The combined organic phases were dried over Na 2 SO 4 , filtered, and evaporated to dryness, resulting in a pale brown solid which was purified by column chromatography (silica gel; CH 
Preparation of the complexes
The perchlorate salts Ln(ClO 4 ) 3 ؒnH 2 O (Ln = La to Lu, except Pm; n = 6-8) were prepared from the corresponding oxides (Rhône-Poulenc, 99.99%) according to the literature method.
51
Eu(ClO 4 ) 3 was prepared from Eu(ClO 4 ) 3 ؒnH 2 O (n ≈ 2) by slowly increasing the temperature from 30 to 80 ЊC under vacuum.
52 CAUTION: perchlorate salts combined with organic ligands are potentially explosive and should be handled in small quantity and with the necessary precautions. 
